INTRODUCTION
Histopathological diagnosis of bacterial infectious agents has traditionally been based on the use of formalin-fixed paraffin-embedded tissue samples. These samples represent a unique stock of archival disease-specific biological material. The identification of pathogenic microorganisms from formalin-fixed tissue samples has usually been done by PCR (1) (2) (3) . However, isolating high-quality genomic DNA from formalin-fixed tissue sections can be quite challenging. First, the fixation of tissue in formaldehyde leads to extensive protein-DNA cross-linking of all tissue components, and nucleic acids isolated from these specimens are highly fragmentated (4) . Secondly, there is a potential dilutional effect of the larger quantities of nontarget DNA found in whole tissue sections. The amplification product from formalin-fixed tissue can thus be reduced in quantity and size compared with fresh and frozen tissue (5) . Often histological tissue sections (e.g., from the gastrointestinal tract) represent a microbiologically complex environment, where previous knowledge of the microorganisms of interest is necessary in order to perform a specific PCR analysis. In this respect, the combination of histological recognition and the molecular identification and characterization of single cells or microcolonies of bacteria in tissue samples play an important role.
Laser capture microdissection (LCM) techniques have been used extensively in combination with analysis at the DNA and RNA level in eukaryotes (6) . Prokaryotes represent a different problem because of the smaller size of the cells and the lower amount of DNA compared to eukaryotic tissues. To our knowledge, only few other studies have previously used LCM and PCR for the isolation and identification of specific bacteria-and all in cases from species present in well-defined morphological areas that could be visualized by conventional histochemical staining methods such as hematoxylin and eosin (7) (8) (9) (10) . However, with respect to bacteria, often tissue morphology alone is not sufficient for identification. This problem can be circumvented by fluorescence in situ hybridization (FISH), with ribosomal RNA (rRNA)-targeting oligonucleotide probes, which facilitates the rapid and specific identification of individual microbial cells within their natural environment (11) .
The present work describes the use of LCM combined with fluorescence in situ hybridization (LCM-FISH) to enable the phylogenetic analysis of a potentially pathogenic strain of Brachyspira dissected from formalin-fixed human colonic biopsies. Strains of Brachyspira aalborgi and Brachyspira pilosicoli have been reported to cause intestinal spirochetosis, which is visualized by a dense fringe of spirochetal bacteria attached to the colorectal epithelium forming a "false brush border" (12, 13) . The clinical significance of this colonization is disputed (14) , and knowledge about strain diversity and their pathogenic role is limited, mainly because members of the genus Brachyspira are fastidious microorganisms with specialized growth requirements. Different phylogenetic clusters of B. aalborgi have been identified (15, 16) , but the significance of these clusters in relation to clinical disease is unclear. The aim of this work was to develop the LCM-FISH technique and to identify Brachyspira cells in colon biopsy specimens.
MATERIALS AND METHODS

Samples
Three formalin-fixed paraffinembedded biopsy specimens of the large intestine (colon) from three patients with a histopathologic diagnosis of human intestinal spirochetosis were obtained from Sørlandet Sykehus HF, Kristiansand, Norway. Three-micronthick sections of the samples were mounted on 0. 17 
. The advantage of this technique is the ability to combine the histological recognition of the specific bacteria within the tissue with molecular analysis of 16S rRNA gene or other genes of interest. This method is widely applicable for the identification of noncultivable bacteria and their gene pool from formalinfixed paraffin-embedded tissue samples.
Hybridization of Formalin-Fixed Tissue Sections
Tissue sections were hybridized with the general bacterial probe, S-D-Bact-0338-a-A-18, or with a specific probe for the genus Brachyspira, L-GBrachyspira-1410-a-A-19, 5′-labeled with Alexa Fluor ® 488 or fluorescein isothiocyanate, respectively (MWG-BIOTECH AG, Ebersberg, Germany) ( Table 1) . Prior to hybridization, tissue sections were deparaffinized with xylene and dehydrated in 96% ethanol for 30 min. Hybridization was carried out with 20 μL of hybridization buffer (100 mM Tris, pH 7.2, 0.9 M NaCl, 0.1% sodium dodecyl sulfate) and 100 ng of probe at 37°C for 16 h in a humidified chamber. The samples were washed in 100 mL of prewarmed (37°C) hybridization buffer for 15 min and subsequently in 100 mL of prewarmed (37°C) washing solution (100 mM Tris, pH 7.2, 0.9 M NaCl) for 15 min. The samples were finally rinsed in water and air-dried. 
Laser Capture Microdissection
DNA Extraction
The microdissected material was digested in proteinase K buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10 mM EDTA, 0.1% sodium dodecyl sulfate, 1 U proteinase K) at 55°C for 72 h. Subsequently, the proteinase K was inactivated at 95°C for 15 min. Two microliters of this solution was subsequently used as template for the PCR.
PCR and Sequencing
The primers (MWG-BIOTECH AG) used for 16S rRNA gene amplification are listed in Table 1 . The following primer combinations were applied in order to amplify and partially sequence the 16S rRNA gene: primers 1 + 9 (457 bp), primers 2 + 10 (670 bp), primers 4 + 10 (325 bp), and primers 8 + 12 (383 bp). The following primer combinations were used in order to amplify and find maximum product length: primers 6 + 10 (324 bp), primers 7 + 11 (373 bp), primers 8 + 12 (383 bp), primers 
RESULTS AND DISCUSSION
A Brachyspira strain from formalinfixed paraffin-embedded human biopsy specimens of the colon was identified using an approach that incorporates FISH and the LCM technique in conjunction with 16S rRNA gene PCR and DNA sequence analysis. The three patients in this study all had a histopathologic diagnosis of human intestinal spirochetosis, which was confirmed by FISH analysis with a Brachyspiraspecific 16S rRNA-targeting oligonucleotide probe (Table 1) . For the LCM, the biopsy specimens were visualized with a bacterial 16S rRNAtargeting oligonucleotide probe (Table  1) , which resulted in a clearly visible false brush border characteristic of a spirochete infection ( Figure 1A) . The green fluorescent microcolonies were microdissected with PALM microlaser technology ( Figure 1B ) and collected in a cap of a PCR tube. In order not to lose any DNA, no extraction was performed. Instead, the PCR was done directly on 2 μL of the solution containing the microdissected tissue. The smallest amount of detectable bacterial DNA by PCR analysis was obtained from 4200 μm 2 dissected tissue (Figure 2) . Consequently, by this method, it is possible to dissect and amplify DNA from small microcolonies. When PCR was done from whole paraffin sections, it was only possible to detect Brachyspira spp. from two of the three patients. This result is in concordance with previous results stating that better targeting of the source of DNA results in a more sensitive PCR (7, 17) .
The effect of DNA fragmentation due to nucleic acid cross-linkage in formalin-fixated tissue was determined by performing PCR with primers amplifying nine different sizes of the 16S rRNA gene (Figure 3) . It was possible to reliably amplify fragments from 324 to 670 bp in size from the microdissected samples, while no 779-bp product was seen. This is in the range of previous results (7, 9) . Much larger fragments may have been amplified using other methods of fixation, such as frozen sections or methacarn fixation (18, 19) . But, in the case of the archival tissue used in the present investigation, this was not an option.
Using two different primer sets (1 + 3 and 2 + 4 in Table 1 ) approximately 600 bp of the three specimens were PCR-amplified and sequenced. BLAST search in the National Center In conclusion, the LCM-FISH method presented here provides access to the genomic information and thus the identity of an unknown bacterium by combining histological recognition of the bacteria with molecular analysis of 16S rRNA gene. Furthermore, the identification by FISH allows the use of oligonucleotide probes targeting at different phylogenetic levels. In the present study, the bacterium under investigation had already been identified as a Brachyspira species, which allowed the use of primers specific for the genus Brachyspira. When no previous knowledge concerning the bacterium under investigation is available, universal 16S rRNA gene primers can instead be applied for the amplification and sequencing of approximately 500 bp. This method is widely applicable for the identification of unknown bacteria and their gene pool (e.g., noncultivable bacteria from archival formalin-fixed paraffinembedded tissue samples or from complex environmental communities). 
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